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ABSTRACT
Context. To investigate the differences between positions, as determined by optical (direct imaging) and Very Long Baseline
Interferometry (VLBI) techniques, of extragalactic sources listed in the second realization of the International Celestial Reference
Frame (ICRF2).
Aims. To verify the influence of the source’s intrinsic structure on these differences.
Methods. Instruments with mosaics of CCDs were used to acquire the optical positions presented here, leading us to opt for overlap-
ping techniques to build a virtual, continuous CCD over the whole angular size of the respective fields of view, whose translation of
the resulting intrumental positions into positions that are consistent with those in the ICRF2 was made with the help of the UCAC2.
Results. The differences obtained between the optical and VLBI positions of the observed sources may reach more than 80 milliarc-
seconds and, taking into consideration that they are hardly explained only by statistical fluctuations or systematic errors in the optical
reference frame used here, we argue that these differences can be related to the sources’ X-band structure index (8.4 GHz).
Conclusions. In this context, the presence of the intrinsic structure should be taken into consideration when comparing the optical
and VLBI positions of ICRF2 sources in the future.
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1. Introduction
Fixed (non-rotating) directions on the celestial sphere can be
kinematically defined by the positions of very distant objects.
Such a concept has been the basis of the fundamental celestial
frames adopted by the International Astronomical Union (IAU)
since 1998, starting with the first realization of the International
Celestial Reference Frame (ICRF1; Ma et al. 1998). The main
conceptual difference between the ICRF1 and its predecessor,
the Fifth Fundamental Catalogue (FK5; Fricke et al. 1988), is
that the first had the directions of its coordinate axes defined
kinematically by the positions of very distant (and therefore
fixed) objects whereas fixed directions in the latter were given by
stellar positions and proper motions based on the mean equator
and equinox of a reference epoch – J2000 (Feissel & Mignard
1998).
The current IAU’s fundamental celestial frame, effective as
of 1st January 2010, is the second realization of the International
Celestial Reference Frame (ICRF2; for a detailed description,
see Fey et al. 2009). The ICRF2 contains the positions of 3414
extragalactic sources as determined by Very Long Baseline
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Interferometry (VLBI), but only the most accurate (< 0.4 mil-
liarcseconds) positions of 295 sources, selected on the basis
of positional stability and the lack of extensive intrinsic source
structure, are effectively used to define the frame axes. The re-
maining 3119 sources have positions consistent with the defin-
ing ones and help to densify the frame. The ICRF2 is now the
prime realization of the IAU’s International Celestial Reference
System (ICRS; Arias et al. 1995).
In contrast with the advantage of being a natural choice to the
kinematical definition of fixed directions, extragalactic sources
may present spatially extended structures at radio wavelengths.
In fact, the sources’ intrinsic radio structure is one of the limiting
factors in defining the celestial frame (Charlot et al. 2008) and
may also be associated to differences between the orientation
of the respective optical and radio frames (da Silva Neto et al.
2002).
The instrinsic structure of the extragalactic sources may also
present temporal evolution. Therefore, monitoring this evolu-
tion is of great importance to maintain and improve the frame.
Information about the structure of sources in the ICRF2 can be
found at the Radio Reference Frame Image Database1 (RRFID)
and the Bordeaux VLBI Image Database2 (BVID). Along with
the high resolution images available therein, of particular inter-
est are the X- and S-band structure indices (8.4 and 2.3 GHz,
respectively). This index quantifies the VLBI astrometric qual-
ity of the sources with integer numbers ranging from 1 (best
case – most compact sources) to 4 (worst case – most extended
1 http://rorf.usno.navy.mil/rrfid.shtml
2 http://www.obs.u-bordeaux1.fr/BVID/
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sources). Details about the determination of these indices are
found in Fey & Charlot (1997) and Fey & Charlot (2000). Since
the intrinsic structure may affect the alignment between the op-
tical and radio frames, as mentioned above, the structure in-
dex is also of relevance when one thinks of the extragalactic
frame as seen from optical wavelengths. At this point, it is just
as well to say that this is the part of the spectrum most fre-
quently used by astronomers to access the axes materialized by
the ICRF2. It is also relevant to mention that the Gaia mission
(Perryman et al. 2001; Mignard 2005a; Perryman 2005) is ex-
pected to bring the prime materialization of the celestial coor-
dinate axes back to optical wavelengths and the best alignment
of the future Gaia optical frame with the current radio one is
of great importance. For some astrometric and reference frame
topics related to Gaia, see Mignard (2002); Lindegren (2005);
Mignard (2005b); Lindegren et al. (2008); Andrei et al. (2009);
Bourda et al. (2008, 2010, 2011). For a broader variety of topics
related to Gaia, see also Turon et al. (2005).
In this context, the determination of accurate optical posi-
tions of ICRF sources have been determined (see, for instance;
Assafin et al. 2003; Camargo et al. 2005; Assafin et al. 2007;
Aslan et al. 2010) and provided numbers about the alignment
between the optical and radio frames. This work focuses on sta-
tistically significant optical to radio positional differences and
aims at investigating them.
Here, we determine accurate optical positions of 22
sources listed in the ICRF2 with the SOAR Optical Imager
(SOI; Schwarz et al. 2004), mounted at the 4.2 m aperture
SOAR (SOuthern Astrophysical Research) telescope, and the
Wide Field Imager (WFI; Baade et al. 1999) mounted at the
ESO/MPG 2.2 m aperture telescope. We find that statistically
significant optical to VLBI differences in position are most fre-
quently associated to sources with large (3-4) X-band structure
index. These significant differences may reach beyond 80 mas
and are hardly explained only by systematic errors affecting the
astrometric reference catalogue used here, the Second US Naval
Observatory CCD Astrograph Catalog (UCAC2; Zacharias et al.
2004), or by statistical fluctuations. These results not only
agree with the conclusion of da Silva Neto et al. (2002), where a
smaller mean difference was found from their statistic study of
a larger sample, but also tell that significant differences between
the optical and VLBI positions of reference frame sources, as-
sociated to the presence of spatially extended structure, may be
found on an individual basis. In Section 2, we present the tar-
gets and observational procedures. In Section 3, we describe
the data reduction. The error budget can be found in Section
4. Discussion and conclusions are presented, respectively, in
Sections 5 and 6.
2. Targets and observational procedures
The 22 extragalactic sources (see Table 1) observed in this work
were selected according to their X-band structure index, as pro-
vided by the BVID, and to the presence of extended structure, as
given by high angular resolution maps at the BVID and RRFID.
The structure indices shown in Table 1 were selected by con-
sidering that the dates of the VLBI experiments should be the
closest to those of the respective optical observations presented
here (see also Tables 2 and 3). Magnitudes and visibility on the
sky, so that they could be observed by two southern telescopes,
were also taken into consideration. These telescopes were the
SOAR (Cerro Pacho´n) and the ESO/MPG 2.2 m (La Silla), both
in Chile. Imagers on both telescopes are mosaics of CCDs.
2.1. SOAR Optical Imager
The SOI is a mosaic of two 2k×4k CCDs separated by a gap
of 7.8′′ along the largest dimension. This covers a total field of
view of 5.3′×5.3′ with a scale of 0.077′′ per pixel. A linear atmo-
spheric dispersion corrector actuated to deliver images with im-
proved seeing. The filter used throughout the observations with
SOI was a R Bessel (see Table 2).
Overlapping images were acquired in such a way to cover
these gaps and, as a consequence, to allow for an optical ma-
terialization of the ICRF2 axes given by the largest number of
UCAC2 stars available over the area covered by a given mosaic.
To the SOI images, the overlap could be accomplished by a ro-
tation of the imager, by pointing offsets, or by a combination of
these two. These pointing offsets were, in some cases, applied in
such a way to drive the telescope towards nearby reference stars.
2.2. Wide Field Imager
The WFI is a mosaic of 4×2 2k×4k CCDs. A gap of 14.3′′ along
the right ascension axis separates the two rows of 4 CCDs, run-
ning along their shortest dimension. Three gaps of 22.9′′, per-
pendicular to the one mentioned above, separate the four rows
of two CCDs, each gap running then along the CCD longest di-
mension. This mosaic covers a total field of view of 33′ × 33′
with a scale of 0.238′′ per pixel. Again, a red filter (ESO844)
was used throughout the observations (see Table 2).
As in the case of SOI, overlapping images were acquired to
cover the gaps. To the WFI, the overlapping procedure was the
same to all acquisitions and consisted of two sets of dithered im-
ages. An offset, applied between these two sets, displaced the
targets symetrically with respect to the optical axis of the im-
ager. As a consequence, the targets were imaged in two different
CCDs and close to the center of the mosaic.
3. Data reduction
In a first step, bias and flatfield corrections were applied to all
images, from both telescopes, through IRAF3 (Tody 1993). In
addition, a badpixel mask was applied to the WFI data only.
In a second step, astrometric and photometric measurements
to all objects on the SOI and WFI images were obtained with
software PRAIA (Assafin 2006) to each CCD, individually. A
mask to correct for the field distortion pattern (FDP) was previ-
ously applied to the WFI observations only. The mask itself, as
well as procedures and data used to build it, are all described in
Assafin et al. (2010). That paper is also based on WFI data and
the respective observation dates are close to those shown here
to this same imager. No FDP mask was used on the SOI images
since no evidence was found to justify its use.
The UCAC3 (Zacharias et al. 2010) was released during the
IAU General Assembly in Rio de Janeiro, Brazil, and is sup-
posed to supersede the UCAC2. Our option for this latter as ref-
erence for astrometry, however, is based on the following three
reasons: Roeser et al. (2010) reports problems in the proper mo-
tion system of the UCAC3; the UCAC2 was released in mid
2003 and since then has been widely used and analysed by a
large number of works (up to date, more than 370 citations4); the
3 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
4 According to the NASA’s Astrophysics Data System Bibliographic
Services.
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Table 1. ICRF2 sources that were observed with WFI and SOI - Physical characteristics and astrometric results
Struc. Ind. (Optical−VLBI) Internal 3σ level
IERS ID X S Def.? gof V Type z J − Ks Imager ∆α∗ ∆δ σα∗ σδ σα∗ σδ
0138−097 2 1 Y - 17.5 B 0.733 1.547 WFI +024 −042 9 18 72 86
0235+164 2 1 N 3.6 19.0 Q 0.940 2.084 WFI +065 −015 16 19 82 88
0237−233 4 2 N 2.8 16.6 Q 2.225 1.480 WFI +062 −079 14 12 79 76
0405−123 3 2 N - 15.3 Q 0.574 1.183 WFI +006 −042 21 19 92 88
0430+052 4 3 N 16.4 14.2 G 0.033 2.089 WFI −117 −064 6 27 69 105
0440−003 4 1 N 3.8 17.0 Q 0.844 1.722 SOI −058 −133 4 8 68 71
0506−612 - - Y - 16.9 Q 1.093 1.402 WFI −032 −065 15 19 81 88
0743−673 - - N - 16.4 Q 1.510 0.770 WFI +055 +018 18 27 86 105
0743−673 - - N - 16.4 Q 1.510 0.770 SOI +012 −012 7 5 70 69
0754+100 2 1 N - 15.7 B 0.266 1.653 WFI −040 +048 17 23 84 96
0754+100 2 1 N - 15.7 B 0.266 1.653 SOI −086 +070 2 5 67 69
0808+019 1 1 Y 0.6 17.5 B 1.148 1.670 SOI −041 +040 4 4 68 68
0829+046 2 2 N - 16.7 B 0.174 1.661 SOI −028 +027 5 6 69 69
0906+015 3 2 N 1.4 17.8 Q 1.024 1.628 SOI −029 −050 3 7 68 70
0920−397 2 1 Y 2.7 18.8 Q 0.591 1.756 SOI −007 +077 4 3 68 68
1127−145 4 2 N - 16.7 Q 1.187 1.682 WFI −065 +042 7 13 70 78
1252+119 3 1 Y 4.2 16.2 Q 0.873 1.132 WFI −032 −073 5 17 69 85
1416+067 3 3 N - 16.8 Q 1.437 0.942 WFI −028 −003 5 5 69 69
1445−161 3 2 N - 18.9 Q 2.417 - WFI −050 −044 25 25 101 101
1622−297 3 2 N 7.0 20.5 Q 0.815 1.829 WFI −039 +051 23 20 96 90
1936−155 1 1 Y 1.8 19.4 Q 1.657 2.261 WFI +029 +004 28 24 107 98
1937−101 3 1 N 2.7 19.0 Q 3.787 1.461 WFI +018 −053 9 8 72 71
2000−330 4 2 N 8.5 19.0 Q 3.783 0.917 WFI −045 −028 8 9 71 72
2344+092 3 2 N - 16.0 Q 0.677 1.100 WFI −011 +033 18 23 86 96
Note: all angular values are in mas. The structure indices were selected by considering that the dates of the VLBI experiments should be the
closest to those of the respective optical observations presented here (see also Tables 2 and 3). Column 1: source identification; columns 2 and
3: X- and S-band structure indices, respectively, as obtained from the BVID; column 4: object category (defining – Y (yes) or not defining – N
(no)) indicating the object’s presence in the ICRF2 defining source list (http://hpiers.obspm.fr/icrs-pc/); column 5: goodness of fit (gof) as given
by Gontier et al. (2001); column 6: V magnitude; column 7: object type – BL Lac (B), Quasar (Q), and Galaxy (G); column 8: redshift; column
9: near infrared colour index J − Ks as obtained from the 2MASS; column 10: imager name; columns 11 and 12 give the differences in the sense
observed minus ICRF2 positions, to the sources whose IDs are listed in column 1; columns 13 and 14 give the values of σI , as described in Section
4, to the sources whose IDs are listed in column 1; Columns 15 and 16 give the value of 3σ, as described in Section 4, to the sources whose
IDs are listed in column 1. The notation α∗ indicates multiplication by cosδ. Magnitudes, object type, and redshifts were mostly taken from the
“Information on radiosources” link at http address given above. The SIMBAD was queried in case of missing information on the redshifts. The
concerned sources are: 0237−233, 1127−145, 1445−161, 2000−330, 2344+092. Regarding the magnitude, it should be noticed that these objects
are variable.
observational data presented in Table 1 were almost all achieved
and reduced before the release of the UCAC3.
3.1. Overlapping technique
Final positions to the targets listed in Table 1 were obtained
by means of a global reduction procedure to combine all as-
trometric information from the individual CCDs associated to
the observations of a given object with a given telescope. This
procedure was discussed in details by many authors (Eichhorn
1960; Googe et al. 1970; Benevides-Soares & Teixeira 1992;
Teixeira et al. 1992, 1998)5 so that we will give only a brief de-
scription of the calculations made here.
The basic equation in right ascension (declination) to an in-
dividual CCD of a given mosaic is as follows:
aX + bY + c = XR + DXR + PX,Y + rR, (1)
5 The paper by Eichhorn (1960) is written in german and only the
very enlightening english abstract is accessible to the author. However,
in the context of the overlapping technique, this is an important refer-
ence and should not be omitted.
where
X is the object’s abscissa on a given CCD,
Y is the object’s ordinate on a given CCD,
a, b are constants to take rotation/shear into account on a
given CCD,
c is a constant offset for a given CCD,
XR is the gnomonic projection of the object along the right
ascension (declination). This coordinate is read from
averaging the astrometric measurements given by the
second step as mentioned in the beginning of Section
3,
DXR is a correction applied to all XR,
PX,Y is a polynomial to fit the residuals on a given CCD,
rR residue.
In Eq. 1, the unknowns are a, b, c, DXR, and the coefficients
of PX,Y . This polynomial is an incomplete second degree one,
in the sense that it contains only the terms x2, xy, and y2. This
choice was made after several tests involving polynomials up to
the third degree.
The determination of the unknown parameters result from
a Gauss-Seidel iteration, where unknowns a, b, and c are deter-
mined by setting DXR and the coefficients of PX,Y equal to zero in
the first run of the iteration. In the second run, DXR is determined
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Table 2. ICRF2 sources that were observed with WFI and SOI - Observational information and astrometric results
Date of observation Red filters Ref. Stars
IERS ID Calendar MJD CWL FWHM Exposure Az ZD σα∗ σδ #Ref. Stars #Obs.
0138−097 2007-09-08 54351.215 651.725 162.184 35 63 36 37 46 67 22
0138−097 2007-10-13 54386.331 651.725 162.184 35 286 44 37 46 67 22
0235+164 2007-10-12 54385.311 651.725 162.184 35 332 51 43 41 131 9
0237−233 2007-09-09 54352.202 651.725 162.184 35 95 45 45 40 76 20
0405−123 2007-10-09 54382.243 651.725 162.184 35 63 31 41 45 132 12
0430+052 2008-01-07 54472.048 651.725 162.184 35 26 38 48 45 152 6
0440−003 2008-01-31 54496.127 628.9 192.2 50 307 44 24 41 12 12
0506−612 2007-10-09 54382.350 651.725 162.184 35 177 32 41 38 186 12
0743−673 2007-10-11 54384.350 651.725 162.184 35 159 45 43 46 380 15
0743−673 2007-12-07 54441.313 628.9 192.2 50 181 37 20 25 8 4
0754+100 2007-10-10 54383.389 651.725 162.184 35 42 49 42 43 408 5
0754+100 2007-12-07 54441.327 628.9 192.2 50 355 40 47 39 9 8
0808+019 2007-12-07 54441.338 628.9 192.2 50 353 32 41 40 14 8
0829+046 2007-12-18 54452.299 628.9 192.2 50 8 35 32 40 10 4
0906+015 2007-12-18 54452.817 628.9 192.2 50 14 32 45 27 11 4
0920−397 2008-01-30 54495.222 628.9 192.2 50 168 10 36 41 22 20
1127−145 2007-06-08 54259.089 651.725 162.184 35 279 43 46 39 127 30
1252+119 2007-04-10 54200.188 651.725 162.184 35 358 41 37 35 90 23
1416+067 2007-04-13 54203.297 651.725 162.184 35 325 42 44 38 143 25
1445−161 2009-05-19 54970.202 651.725 162.184 40 306 20 50 40 151 20
1622−297 2007-09-09 54352.014 651.725 162.184 35 260 31 39 40 761 39
1936−155 2009-07-27 55039.620 651.725 162.184 60 54 21 45 48 523 12
1937−101 2009-07-26 55038.660 651.725 162.184 40 13 20 48 48 683 20
2000−330 2009-07-27 55039.653 651.725 162.184 40 113 11 46 46 366 20
2344+092 2007-09-08 54351.184 651.725 162.184 35 22 41 38 37 118 12
Note: All filter values, CWL and FWHM, are in nanometers. Columns are, respectively: source identification, date of observation in calendar
format for year-month-day, date of observation in Modified Julian Date (MJD) format, central wavelength (CWL) of the filter used, Full-Width at
Half-Maximum (FWHM) of the filter used, exposure time in seconds, approximate target azimuth (degrees), approximate target zenith distance
(degrees), standard deviation in right ascension and declination in milliarcseconds of the differences between the observed and catalogue positions
for the UCAC2 stars, number of reference stars, and number of observations. Transmission data concerning the ESO broad band red filter (#844)
used in this work can be found at http://www.eso.org/sci/facilities/lasilla/instruments/wfi/inst/filters/. Transmission data concerning the SOI red
filter (R Bessel) used in this work can be found at http://www.soartelescope.org/observing/soi-filters. Azimuth convention: North is zero, East is
+90o. Source 0138−097 was observed in two different dates and all concerned CCD frames were treated together for astrometry.
from the updated values of a, b, and c. In the third run, the co-
efficients of PX,Y are determined from updated values of a, b, c,
and DXR. The iteration is then implemented by going back to run
one again with the updated values of DXR and PX,Y . This proce-
dure was shown to be convergent (Benevides-Soares & Teixeira
1992). It should be noticed that the term DXR is the responsi-
ble for interchanging information through a given mosaic, since
this correction is obtained from averaging positional information
from stars that may be found in different CCDs.
The presence of the terms c and DXR in Eq. 1 gives rise to
a rank deficiency, so that the results delivered by the iterations
described above are just a particular solution of the problem.
Strictly speaking, this rank deficiency reflects an origin indeter-
mination so that a simple translation of the whole instrumental
system, as obtained from the iterations decribed above, suffices
to provide a general solution. One way to determine this trans-
lation is to elect a privileged group of stars (UCAC2 ones, for
instance) and force the sum of their respective final (global) cor-
rections DXR to be equal to zero.
Instead of a simple translation, however, we opted for a
higher order polynomial to serve as boundary condition to the
iterative process described above and to consequently derive the
results shown in Table 1. This aimed at taking into account any
remaining systematic trend of the residuals, for the reference
stars, as a function of the position on the mosaic. In the case
of the WFI, a complete third degree polynomial was employed.
In the case of the SOI, a complete first degree polynomial was
employed. In both cases, the respective coefficients were deter-
mined from an iterative process that eliminated, at each itera-
tion, the reference star with the largest arc length between the
observed and catalogue positions. This star was selected among
those whose absolute value of the “Observed minus Calculated”
(O-C) either in right ascension or in declination was greater than
100 mas.
4. Error budget
The positional accuracy to each of the observed targets was de-
termined by taking into account three sources of uncertainty on
their astrometric measurements: the FDP, the precision of the
target position on the detector system, and the accuracy of the
astrometric reference catalogue (UCAC2) as an optical exten-
sion of the ICRF. If we call σD the uncertainty from the FDP,
σI the internal precision of the target (that is, the precision with
which the position is measured within the detector system), and
σE the accuracy that the optical reference catalogue materializes
the coordinate axes of the ICRF, then the final uncertainty (at 1σ








These three quantities, σD, σI , and σE , are evaluated next.
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4.1. σD
Figure 1 shows the differences, in the sense O-C, in right as-
cension and declination for the reference stars as a function of
the position on both imagers. Such differences indicate how well
positions were corrected for the FDP. The results shown in this
figure are typically smaller than 10 mas to the SOI and 5 mas to
the WFI so that no systematic effects larger than these values, as
a function of the position on a given imager, is to be expected. It
is important to notice that the error bars in this figure are given
by the standard deviation of the mean and the fact that these bars
have similar sizes comes from the uniformly distributed num-
ber of used reference stars over the mosaics. In the case of the
WFI, this feature would not be verified without an efficient FDP
model. The value adopted to σD is, to both imagers, 10 mas.
4.2. σI
Since each source had its position measured multiple times (see
Table 2, last column), it is natural to obtain the internal precision







(P j − P)2 , (3)
where, to a given source, N is the total number of frames that
contributed to the measurement of both its equatorial coordi-
nates, P j is one of its equatorial coordinates as measured from
frame j, and P is the respective mean value of P j, j = 1 . . .N.
The value of σI (or internal precision) to the observed sources
is given by Table 1, columns 13 and 14, in right ascension and
declination respectively.
4.3. σE
The accuracy of the UCAC2 as an optical representation of
the ICRF can be obtained directly from Zacharias et al. (2010).
From that paper, one finds that 20 mas is a good estimate of the
systematic errors in the UCAC2 positions. Therefore, 20 mas is
the adopted value of σE to all observed targets.
4.4. Quantifying significant offsets
As a consequence, the confidence level, as given by columns 15
and 16 in Table 1, is
3σ = 3
√
102 + σ2I + 202 . (4)
We will say “significant offset” to those offsets either in right
ascension or declination, as shown in columns 11 and 12 of
Table 1, whose absolute values are greater than the respective
3σ level values (Eq. 4) given by the last two columns of the
same table.
The uncertainties of the VLBI positions, to the sources con-
cerned here, are smaller than 1 mas so that they have negligible
contribution to the error budget.
4.5. Further considerations on errors
The magnitudes of the reference stars used in this work are typi-
cally within the range 13.0 < R < 16.0. Figure 2 shows that sys-
tematic errors as a function of the magnitude are not expected to
these stars. From Fig. 3 (four upper panels), one notices that the
internal precision within this same range of magnitude is about
10 mas to the astrometric measurements from the WFI and about
5 mas to those from the SOI. On the other hand, Table 2 shows
(columns 9 and 10) that the standard deviation of the differences
between the observed and catalogue positions for the UCAC2
stars is, on average, 41 mas and 39 mas to the right ascension
and declination respectively. Taking into consideration that the
observed positions of the reference stars present no systematic
effects as a function of the magnitude, and that the FDP correc-
tion was properly made (Fig. 1), it is possible to conclude that
the observed positions of the reference stars are more precise
than their catalogue counterparts at the date of the observations
carried out here. This is reasonable when the error propagation
from the proper motions on the UCAC2 positions is considered.
In this work, the SNR was imposed by the fact that the expo-
sure time (see Table 2) should not saturate the UCAC2 stars as
from R∼13.5 to neither of the telescopes. This constraint is re-
flected in Fig. 3 (four upper panels), that shows the limiting best
internal precision achieved by each imager as well as the mag-
nitude from which this precision begins to degrade. This degra-
dation is mostly a consequence of lower signal-to-noise ratios
rather than effects on position due to undersampling. In fact, ac-
quisition on a dither and/or offset basis of a number of images
to both instruments make the resulting averaged (see Section 3)
positions less affected by pixel phase effects (see, for instance,
Zacharias et al. (2004) for a brief characterization of the prob-
lem). This is strengthened by the results shown by the four lower
panels of Fig. 3, from which no (or negligible) systematic effects
on the observed positions as a function of the magnitude are ex-
pected.
Another source of systematic errors on positions is related to
the differential chromatic refraction (DCR). Figure 4 tells about
the DRC on the positions from the WFI and SOI. The results
shown in this figure were derived from the second step described
in Section 3 and point out to the fact that the final positions of
the reference stars, as obtained from the overlapping technique,
have no (or negligible) dependence on colour. Here, we used the
J − Ks colour index. These near infrared magnitudes are from
the 2MASS (Skrutskie et al. 2006) and were directly obtained
from the UCAC2. They are considerably more precise than the
visible magnitudes obtained from our observations or from the
observations made by UCAC2.
It should be pointed out that the reference stars are mostly
main sequence objects and their average colour is different from
that of the quasars (compare the range of colours shown in Fig. 4
to column 9 of Table 1 and also to the range of colours in Fig. 5).
Figure 5 plots the optical minus radio offsets in position of
the observed sources as a function of the respective J−Ks colour
indices. In this case, however, each dot in the figure represents
the offset of a single source (instead of a mean offset). It is im-
portant to notice that Fig. 5 points out no evidence of increasing
or decreasing trend of the offset values as a function of the colour
index as one would expect (see, for instance, Zacharias et al.
2004; Ducourant et al. 2006). This feature agrees with the study
presented by Stone (2002) and profited from the red filters used
in the observations as well as the moderate zenith distances in-
volved. In most cases, the observations were also performed not
far from the local meridian (see Table 2, columns 7 and 8).
5. Discussion
From Table 1, one notices that four sources presented signif-
icant offsets. They are 0237−233, 0430+052, 0440−003, and
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Table 3. Structure index information to sources in Table 1, as
obtained from the BVID. Dates concern the VLBI experiments
from the three most recent years.
IERS ID Experiment Date X S
0138−097 RDV67 2008-01-23 2 1
RDV59 2006-09-13 2 1
BL115C SX 2004-02-15 3 1
0235+164 RDV71 2008-09-03 1 1
RDV66 2007-12-05 2 1
RDV65 2007-08-01 1 1
RDV64 2007-07-10 2 1
RDV62 2007-03-27 2 1
BLL122B SX 2005-08-26 1 -
RDV51 2005-06-29 2 1
0237−233 RDV70 2008-07-09 4 2
RDV62 2007-03-27 4 2
BR945 1994-07-08 4 3
0405−123 RDV62 2007-03-27 3 2
RDV57 2006-07-11 3 2
RDV20 2000-03-13 2 2
0430+052 RDV68 2008-04-02 4 3
RDV42 2003-12-17 4 3
RDV31 2002-01-16 4 2
0440−003 RDV7 1998-02-09 4 1
VABF12 1995-10-12 1 1
0754+100 RDV71 2008-09-03 2 1
BL122B SX 2005-08-26 2 -
BL115C SX 2004-02-15 2 1
0808+019 RDV72 2008-12-17 2 2
RDV70 2008-07-09 2 2
RDV69 2008-05-14 1 1
BL122B SX 2005-08-26 1 -
BL115C SX 2004-02-15 1 1
0829+046 RDV61 2007-01-24 2 2
RDV57 2006-07-11 3 1
B9725A 1997-01-10 3 2
0906+015 B9725A 1997-01-10 3 2
0920−397 RDV72 2008-12-17 2 1
RDV67 2008-01-23 2 1
RDV65 2007-08-01 1 1
RDV42 2003-12-17 3 1
1127−145 RDV20 2000-03-13 4 2
BR945 1994-07-08 4 2
1252+119 RDV67 2008-01-23 2 1
RDV61 2007-01-24 3 1
B9725A 1997-01-10 2 1
1416+067 RDV66 2007-12-05 3 3
RDV8 1998-04-15 2 1
BR9525 1995-04-12 2 1
1445−161 RDV31 2002-01-16 3 2
B9725A 1997-01-10 3 2
1622−297 RDV70 2008-07-09 3 2
1936−155 RDV71 2008-09-03 1 1
RDV59 2006-09-13 2 1
BL115C SX 2004-02-15 1 1
Table 3. Structure index information to sources in Table 1, as
obtained from the BVID – cont.
IERS ID Experiment Date X S
1937−101 RDV57 2006-07-11 3 1
B9725A 1997-01-10 3 1
2000−330 RDV69 2008-05-14 4 2
RDV62 2007-03-27 4 1
2344+092 RDV31 2002-01-16 3 2
B9725A 1997-01-10 3 2
Note: The information in columns from two to five were taken from
the BVID. Columns are: source identification, experiment, experiment
date, and X- and S-band structure indices, respectively.
0920−397. In Fig. 6, the angular distance (
√
∆α∗2 + ∆δ2) be-
tween the respective optical and VLBI positions of the observed
sources is given as a function of the X-band structure index,
where ∆α∗ and ∆δ are given by columns 11 and 12 of Table 1.
These four sources are indicated with a circle in Fig. 6. The other
sources are indicated with a cross.
It should be noticed in Fig. 6 that the structure index 4 hosts
the majority of the sources with significant offsets, as indicated
by a circle.
We can set, from columns 15 and 16 in Table 1, a conser-
vative average threshold of 80 mas from which optical to radio
offsets are considered to be significant in this work. This value
is larger than the positional accuracy of 60 mas presented by
Assafin et al. (2010), from where candidate stars to be occulted
by Pluto and its satellites were determined, also based on data
obtained with the WFI and at dates close to those of the observa-
tions presented here. The analysis of the position of one of these
candidates, as derived from a real occultation (Sicardy et al.
2011), gives support to that value of 60 mas. This reinforces the
fact that the levels of significance given by columns 15 and 16
in Table 1 are not overestimating the accuracy of the observed
ICRF sources’ positions.
Assafin et al. (2003) report accurate optical positions of 172
ICRF sources using a preliminary version of the UCAC2 as
astrometric reference. We selected, from that paper, all those
sources with a significant optical minus radio positional offset
with existing structure information in the BVID. By significant,
we mean an offset whose absolute value in either right ascension
or declination is greater than 3σ , whereσwas defined in Section
4 making σD equal to zero. Table 4 presents data about these
sources. The structure indices to the sources shown in Table 4
are from the BVID and were selected by considering that the
dates of the VLBI experiments should be the closest to those
of the respective optical observations as given by Assafin et al.
(2003).
It is possible to see that 3 sources, out of the 7 shown in
Table 4, have X-band structure indices of 3 or 4.
These mean epochs range from 1999 to 2001. Source
1548+056 has a mean epoch of observation of 2000.20 and an
X-band structure index of 2 in 1997 and of 3 in 2005. In this
context, one could then argue that 4 (instead of 3) sources, out
of the 7 shown in Table 4, have X-band structure indices of 3 or
4.
Therefore, as far as those sources (Tables 1 and 4) with sig-
nificant offsets are concerned, we can share the conclusions from
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Fig. 1. Mean values of the differences in the sense O-C in right ascension and declination for the reference stars, as a function of
the position on the whole acquired field as given by the overlapping images. Bins along the X and Y directions encompass an arc
of 2.3′ in the case of the WFI (left panels) and 1.8′ in the case of SOI (right panels). Each dot represents the mean of at least 100
points in the case of the WFI and 9 points in the case of the SOI. The error bars are standard deviations of the mean and are plotted
1σ above and below the corresponding dot. In these plots, the targets are always found on X=Y=0.
Fig. 2. Mean values of the differences in the sense O-C in right ascension and declination for the reference stars. Each dot represents
the mean of at least 100 points in the case of the WFI (left panels) and 14 points in the case of the SOI (right panels). The error
bars are standard deviations of the mean and are plotted 1σ above and below the corresponding dot. The difference between the
magnitudes of the points associated to a given dot do not exceed one. The corresponding magnitude in the X-axis is the respective
mean magnitude.
Zacharias & Zacharias (2010)6: either a problem in the optical
representation of the radio frame (case one) or a real offset be-
tween the optical and radio positions of the ICRF2 sources (case
two).
6 Poster presented at the XXVII GA-IAU, Commission 8, where a
short talk communicating the first results of this work was also given.
5.1. First case
As mentioned before, a value of 20 mas was adopted to the sys-
tematic errors in the UCAC2, which is also in agreement with
a previous estimate from an independent work (Assafin et al.
2003). If we trust in this value, the significant offsets would
then result mostly from systematic effects present in the Tycho-2
catalogue (Høg et al. 2000b,a), the astrometric reference for the
UCAC series.
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Fig. 3. Mean values of the internal precision to all objects as a function of the magnitude (four upper panels) and mean values of
the residuals from the iterative process (four lower panels), as described in Section 3, also as a function of the magnitude. Each dot
represents the mean of at least 13000 points in the case of the WFI (left panels) and 190 points in the case of the SOI (right panels).
The difference between the magnitudes of the points associated to a given dot do not exceed one. The corresponding magnitude in
the X-axis is the respective mean magnitude.
Systematic errors in positions and proper motions in the
Tycho–2 were studied with the help of common stars with the
Hipparcos (Perryman & ESA 1997) in cells of 6o×6o. Høg et al.
(2000a) show that these systematic errors are below 1 mas and
0.5 mas/yr, for positions and proper motions respectively, on an-
gular scales of 6o × 6o or more. It is interesting to mention here,
however, that the field of view for the UCAC observations was
of about 1o × 1o, much smaller than the areas used to check the
Tycho–2 for systematic errors.
It is through catalogues like the UCAC2 that most of the as-
tronomical community has access, in optical wavelengths, to the
coordinate axes materialized by the ICRF. If it contains system-
atic errors, no matter the origin, this is clearly of great relevance.
For instance, they could mimic a physical effect where it, in fact,
does not exist.
5.2. Second case
On the other hand, Fig. 6 shows that significant offsets are most
frequently associated with sources that have large (3 and 4)
X-band structure indices. This is reinforced by the gof values
presented in Table 1 and would suggest a case of a real non-
coincidence between the optical and radio centers of the con-
cerned sources.
In fact, optical and radio positions may differ when the
emission is not core dominated (Daigne et al. 2003). Most of
the radio flux emission is associated to non-thermal emission
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Fig. 4. Mean values of the differences in position in the sense O-C to the reference stars, as a function of the J − Ks colour index.
Bins along the X-axis encompass an interval of 0.05 mag in the case of the WFI (left panels) and 0.2 mag in the case of SOI (right
panels). Each dot represents the mean of at least 12 points in the case of the WFI and 13 points in the case of the SOI. The error
bars are standard deviations of the mean and are plotted 1σ above and below the corresponding dot.
Table 4. Results from Assafin et al. (2003)
Struc. Ind. (Optical−VLBI) Internal 3σ level
IERS ID X S Def.? gof V Type z ∆α∗ ∆δ σα∗ σδ σα∗ σδ
0229+131 2 1 Y 8.9 17.7 Q 2.060 −018 +068 9 9 66 66
0827+243 2 1 Y 1.2 17.3 Q 0.940 −015 −085 9 4 66 61
1252+119 2 1 Y 4.2 16.2 Q 0.873 −036 −072 7 6 64 63
1532+016 4 2 N - 18.1 Q 1.435 +054 −068 9 4 66 61
1546+027 3 1 Y 2.8 16.8 Q 0.414 +024 −075 11 4 68 61
1548+056 2 2 Y 55.5 17.7 Q 1.422 +085 −036 7 13 64 72
1937−101 3 1 N 2.7 19.0 Q 3.787 −017 −067 12 4 70 61
Note: All angular values are in mas. The structure indices are from the BVID and were selected by considering that the dates of the VLBI
experiments should be the closest to those of the respective optical observations (∼ 2000 to the present table). All columns are explained in
Table 1. Columns from 9 to 12 were taken from table 4 given by Assafin et al. (2003).
from jets, while the bulk of the optical emission is associated
to the central engine7. This must imply on parsec scale separa-
tion between the two emitting regions. Adopting the Standard
Model, this translates to a floor of sub mas angular distances
(Feissel et al. 2000). Accordingly, Kovalev et al. (2008) estimate
an average shift between the radio and optical cores of 0.1 mas
from theoretical assumptions on the optical emission. This value
is two to three orders of magnitude smaller than the significant
offsets shown in Table 1 and Table 4. In this context, our results
(and those of Table 4, to some extent) are a relevant material to
better understand the origin of optical emission in quasars.
The investigation of a larger number of sources would, un-
doubtfully, help to decide which case most contributes to the
significant offsets found here.
7 See Johnston et al. (2009) for a brief enumeration of potential
sources of optical emission in quasars.
5.3. Considerations about the time dependence of the
structure index
It is just as well to mention that the structure indices of the
sources may change as a function of time and that not all sources
were observed close to the dates when these indices were deter-
mined (see Tables 2 and 3). Table 3 reports, as obtained from the
BVID, data from the 3 most recent years of experiments (when
available). It is possible to notice that the time variation of these
indices, as far as the sources here studied are concerned, typi-
cally do not exceed one. This is often true also when we consider,
when available to the same experiments, dates older than those
from the 3 most recent years in the BVID. One clear exception is
the source 0440−003. A. Collioud (2011, personnal comm.) de-
termined the continuous X-band structure index (Bourda et al.
2011) to this source and found the value of 1.83 to the experi-
ment of 1995. This indicates, therefore, a variation from about 2
to 4 which is less pronounced than that of 1 to 4. In general, it is
then reasonable to assume that the results pointed out by Fig. 6
remain the same although observation dates are not always close
to those of the respective VLBI experiments.
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Fig. 5. Optical (observed) minus radio positions to the sources
listed in Table 1 (both imagers) as a function of their J − Ks
colour index (column 9 of the same table). The error bars
are given by the two last columns of Table 1. To the sources
0743−673 and 0754+100 only the results from the WFI are con-
sidered.
5.4. Comments on individual sources
Source 0743−673 has its position given by both SOAR and
ESO/MPG telescopes, where a difference of 43 mas and 30 mas
is seen, respectively, between the right ascension and declination
as determined from both instruments. It should also be noticed
that the number of reference stars used to obtain the final po-
sition of this source from the ESO/MPG is 380, whereas only
8 were used to obtain the final position from the SOAR. It is
just as well to remember that the area on the sky covered by the
WFI is about 30 times that of the SOI. In this context, a possible
important contribution for the above difference comes from the
materialization of the celestial frame as given by two different
sets of reference stars, the smallest one giving rise to statistical
fluctuations.
Source 0754+100 was also observed by both telescopes. In
this case, one can find differences of 46 mas and 22 mas, respec-
tively, between the right ascension and declination as determined
from both instruments. The number of reference stars used to ob-
tain the source’s position from the WFI (408) and that to obtain
the source’s position from the SOI (9) leads to the same ratio-
nale presented to 0743−673 to explain the differences. It is also
noticed that, from the observations of 0754+100 made with SOI
only, this source should appear in Fig. 6 as a circle. The results
from the WFI, however, come from a much larger number of
reference stars spread on a larger area of the sky. Therefore, the
offsets and respective significance levels obtained from this last
imager were preferred.
To both sources (0743−673 and 0754+100), the values of
∆α∗ and ∆δ as obtained from the positions given by the SOAR
Fig. 6. Angular distance (see Section 5) between the VLBI posi-
tions and the respective optical ones determined here as a func-
tion of the X-band structure index. Circles: sources to which at
least one of the offsets, ∆α∗ or ∆δ (Table 1, columns 11 and 12),
were significant (Table 1, columns 15 and 16 and Section 4).
Crosses are given otherwise.
and the ESO/MPG telescopes are within their respective uncer-
tainties at the 1σ level.
A well known strategy in astrometry, aiming at avoiding sys-
tematic errors in the determination of positions of celestial bod-
ies, is to observe (and link) objects separated by large angles on
the sky. This is not, by far, the case for any of the two imagers
considered in this work. It is reasonable, at least, to expect that
the larger the number of reference stars on the image the better
the celestial frame can be represented. A large number of refer-
ence stars was always available on the WFI frames which is not
verified in the case of the SOI. This fact was not taken into con-
sideration when determining the significant thresholds (last two
columns of Table 1) to the offsets of each source. The offsets ob-
tained to sources 0743−673 and 0754+100, as given by the SOI
and the WFI, give a rough indication of how different results can
be. In any case, as mentioned above, these differences are within
the uncertainties at the 1σ level.
6. Conclusion
We have determined accurate positions for 22 ICRF2 sources
in optical wavelengths with the SOAR and the ESO/MPG tele-
scopes. A conservative level of significance to the optical to ra-
dio offsets in position was determined to each source, as given
by Table 1. Four sources presented significant offsets.
We understand, as also suggested by Zacharias & Zacharias
(2010), that these significant offsets indicate either a problem
with the optical representation of the ICRF or a real offset be-
tween the respective optical and radio positions.
In the first case, the UCAC2 is directly addressed. Assuming
that this catalogue represents the IAU’s celestial frame as ma-
terialized by the Tycho–2 catalogue within the claimed accu-
racy (see Zacharias et al. 2004, 2010), then it is the Tycho–2 that
presents systematic errors.
In the second case, we can suppose that the results outlined
by Fig. 6 are not just a coincidence and that significant opti-
cal to radio offsets in position are related to high (3 and 4) X-
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band structure indices. In this context, the results presented here
would be of interest in studying the origin of optical emission in
quasars.
Whatever the case, the consequences are of importance. It is
through catalogues like the UCAC2 that most of the astronomi-
cal community has access, in optical wavelengths, to the coordi-
nate axes materialized by the ICRF. The existence of systematic
errors may lead, for instance, to erroneous conclusions about the
physics of a given object. On the other hand, assuming that the
significant offsets found here are definitely correlated to the X-
band structure index then the relation between optical and radio
frames in the future must consider spatially extended structure
effects.
A larger number of accurate optical positions of reference
frame sources would greatly help to tell from which case the
results presented here come from.
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